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Abstract

Hardware/Software designs of embedded systems are
characterized by stringent performance constraints.
Pipelined implementation of a design is an effective way
for mazrimizing the performance of a design. In this
paper we present a novel retiming heuristic to obtain
pipelined schedules for hardware-software codesigns. The
heuristic atms at mazimizing the throughput of a loop
oriented resource constrained codesign while minimizing
its shared memory usage. The effectiveness of the pro-
posed technique s demonstrated by ezxperimentation.

1 Introduction

Hardware/Software codesign process transforms a sys-
tem specification into interacting hardware (HW) and
software (SW) components (or tasks) which exhibit the
desired behavior and satisfy the given performance con-
straints. A typical codesign architecture consists of a
single general purpose software processor, a single ap-
plication specific integrated circuit (ASIC) and a shared
memory (see Figure 1), all connected through the sys-
tem bus. Communication from SW to HW or HW to
SW or HW to HW takes place through the shared mem-
ory. Communication between two tasks bound to SW
takes place through the:software memory of SW pro-
cessor. The codesign partitioner binds the nodes of the
graph to the SW processor or the ASIC and calls the per-
formance evaluator. The evaluator schedules the graph
on the codesign architecture and gives the partitioner
feedback in terms of throughput, area and shared mem-
ory requirement estimates. The scheduler should try to
maximize the throughput of the codesign while keeping
the shared memory resources at a minimum. An effec-
tive way of mazimizing the throughput of a loop oriented
resource constrained design is to generate a pipelined im-
plementation. The drawback of a pipelined implementa-
tion is that it results in an increase in shared memory
requirements since a number of iterations are overlapped
in the steady state of the pipeline.

Consider the task graph example shown in Figure 2.
The binding and run times of the tasks are shown beside
each task. Each of the data dependencies represent ten
data items. Let us assume that the graph is executed a
" number of times in a loop. A simple non-pipelined im-
plementation of the design is shown in the figure. The
numbers in the boxes, (T,I) represent the instance of a
task “T” for a particular iteration “I” of the loop. The
time taken by one iteration of the loop is 325 t-units.
We assume that the memory required by a task during
execution is the sum of the memory occupied by its read
set and write set. The memory requirement of the im-
plementation is the maximum memory used by one iter-
ation of the loop (shown by the dotted line in the figure)
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Figure 1: Codesign Architecture

which is 40 data items. Now consider a pipelined imple-
mentation of the same task graph. Once fully loaded the
steady state completes one iteration of the loop every
200 t-units. A definite improvement over the previous
design. The drawback is that the memory requirement
has increased to 60 data items (shown by the dotted
line).

We implement pipelined designs by using retiming
transformation [6]. Given a task graph to be pipelined it
can generally be retimed in more than one way. We need
to select a retiming that gives us the optimal through-
pul with least increase in memory requirements. In this
paper we present a REtiming heuristic for optimal re-
source utilization with least shared memory utilization of
HW/SW CODesigns (RECOD).

The paper is organized as follows. In Section 2 we dis-
cuss previous work, in Section 3 we describe the system
representation, Section 4 discusses the pipelined sched-
ule, Section 5 presents RECOD, experimental results are
in Section 6 and finally Section 7 concludes the paper.

2 Previous Work

The term “Retiming” was introduced by Leiserson and
Saxe [6] when they used it to solve the problem of op-
timizing the throughput of synchronous circuitry. Since
then retiming transformation has been used extensively
in logic synthesis (7], high level synthesis [10], HW-SW
codesign [11] and DSP applications [4]. Pipelining is
considered a generalization of the retiming problem in
which circuit latency is allowed to increase by allowing a
change in the production and consumption times of out-
put and input signals respectively [3]. A similar problem
is “Software Pipelining” introduced by M. Lam [5]. A
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Figure 2: Non-Pipelined and Pipelined Designs



is given in [9]. [2] establishes a link between circuit re-
timing and software pipelining.

Bakshi and Gajski in [1] describe a system level design
space exploration approach for pipelined implementation
of HW-SW codesigns. They have used a version of a
well known list scheduling algorithm to obtain pipelined
schedules. The work that comes closest to the paper is
that of Sanchez presented in [10]. In that work, Sanchez
has used a retiming heuristic in a high level synthesis tool
that aims at obtaining pipelined designs with optimum
throughput. The retiming heuristic retimes the head
or tail dependency of the maximum positive path in a
graph. In this paper we present a new retiming heuristic
which optimizes both throughput and memory require-
ments of pipelined codesign applications. Our heuristic
does retiming in two steps. In the first step it selects
a dependency to be retimed which gives the maximum
freedom to the scheduler. In the second step it selects
other dependencies (in addition to the first one) which
on retiming result in an equivalent graph with the least
increase in shared memory requirements. Experimental
results show that our retiming strategy produces designs
which use significantly lesser memory and operate at the
optimum throughput rate.

3 System Description

The application is described as a data dependency graph
(DDG) G = (V, E), where V is the set of tasks and the
edge set E, represents the data dependence between any
two tasks [10]. We assume that the DDG is executed a
number of times inside a loop. Associated with each task
v € V are four quantities: vsyime, the execution time of
the task v on the general purpose SW processor, vhwtime
the. execution of the task v in HW, w4 the binding
(to HW or SW) of the task which is set by the codesign
partitioner and vy the iteration index of the task. v,y
can be obtained by software profiling while vy, of a task
is obtained by HW performance estimation [12]. The
steady state of a pipeline consists of tasks belonging to
different iterations of the original loop. The iteration
index vy, of a task v implies that at the #*® iteration of the
steady state, instance of task v belonging to the (i+wv) )"
iteration of the original loop is executed. For example in
Figure 2 at iteration 1 of the steady state instance of task
1 belonging to the second iteration of the original loop is
executed. Hence vy(Taskl) = 1. Since initially all tasks
belong to the same iteration of the loop, vy forallv € V
is zero. Each edge e € E has two quantities associated
with it: ey, the number of variables transferred across a
dependence and e; the dependence weight or dependence
distance. The dependence distance of an edge e = (u, v),
es implies that the data produced by a task u in an
iteration i of the steady state is consumed by task v at
the (i + es) iteration of the steady state. For example
in Figure 2 data produced by task 1 in one iteration of
the steady state is consumed by task 4 in the following
iteration of the steady state. Hence es(1,4) = 1.

4 Pipelined Schedule

Theoretical Lower Bound on Initiation Interval
(MII): Given a DDG there exists a theoretical lower
bound on the initiation interval of a pipelined sched-
ule of the graph called the minimum initiation interval
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Figure 3: Pipelined Scheduling Flow Diagram

(MII) [10]. For a particular pipeline implementation the
initiation interval, II, is the time required for one iter-
ation of the steady state. The MII is limited by two
factors. Firstly the number of resources (HW or SW)
limit M II. This is called the resource constrained MII,
ResMII. The ResMIlgw (ResMIIsw ) due to the HW
(SW) resource is given by the sum of the execution times
of all the tasks bound to the HW (SW) resource. The
execution time of a task u, ..., is the total execution
time of the task. It is the sum of the task’s read time,
run time on the particular resource that its been bound
to and write time. The read (write) time of a task is
the product of the number of variables read (written) by
the task and the memory read (write) time. ResMII
for the DDG is then the maximum of ResMIIgw and
ResM IIsw . Secondly recurrences or cycles in a task
graph also limit M II. This is called the recurrence con-
strained M II, RecMII. The RecMII,. for a recurrence
r, is given by the ratio of the sum of the latencies of the
tasks in the recurrence to the sum of the weights (es)
of all the dependencies in a recurrence [10]. A graph
may have more than one cycle, and RecMI] is then
the maximum of the RecM II, due to each one of them.
The M1 is then the maximum of Res M I'T and ReeM [T
(MII = max(ResMII, RecMII)).

Pipelined Schedule: The pipelined schedule with
an initiation interval I7 is an assignment of start times
to tasks, S(v), such that for all tasks v in the graph
0 < S(v) < II [10]. For a dependency e = (u,v), the
schedule time of u and v must honor the data depen-
dence, that is S(v) +e5 X IT > S(u) + tezec = S(v) >
S(u) + terec — €5 x II. We obtain a pipelined sched-
ule by scheduling and retiming in an iterative manner
as shown in Figure 3. We calculate the MII, and try
scheduling the DDG for MII. However due to con-
straining dependencies we may not be able to schedule
the DDG in MII. If we can’t, we retime the DDG
and try again. The objective of retiming is to reduce the
number of schedule constraining dependencies.

Schedule constraining dependencies: A depen-
dency e = (u,v) with e; = 0 implies that the data pro-
duced by the predecessor task u is consumed by the suc-
cessor task v in the same iteration of the steady state and
hence it constrains the schedule. Such a dependency is
called a intra loop dependency (ILD). We assume that
the all the tasks belonging to one iteration of the steady
state are executed before any task belonging to the next
iteration. Also the HW and SW resources are themselves
non-pipelined with respect to task execution. Then a de-
pendency e = (u,v) with e; > 0 does not constrain the
pipelined schedule since for all values of S(u) and S(v)
the data dependence is satisfied. Such a dependency




is called a loop carried dependency (LCD). Basically a
LCD represents a data dependence between tasks be-
longing to different iterations of the steady sta.l.e Hence
the set of schedule constraining dependenues ES is give
by E® = {e = (u,v) € E|es = 0}.

A path p = {ey,....,en} in the DDG is called a con-
straining path. if Ye € p, e is a schedule constraining
dependency. The length of p is given by, Length(p) =
(1erec + meep Uerec) Where wez.. 1s the execution
time of the tail task of p. A critical path C'P in the
DDG is a constraining path p, such that for any other
constraining path pr C E, Length(p) > Length(pt). The
length of the critical path is called the critical path time,
CPT of the DDG. For a feasible pipelined schedule
of the DDG with initiation interval [I, CPT < II.
Hence during retiming we should try to reduce the num-
ber of schedule constraining dependencies which belong
to a longer constraining path.

Calculation of memory requirement: LCDs rep-
resent data dependencies between tasks belonging to
different iterations of the steady state. Hence before
an iteration of the steady state can begin there is al-
ready some memory occupied by the LC' D data which is
given by Mempcp = 3 ,cpcp €5 X Evar- The mem-
ory required during one 1iteration of the steady state
is the maximum amount of memory occupied by the
data items during execution, Mem,z... This memory
is both due to ILDs and LCDs. The memory re-
quirement of a pipelined design, MemReq is then given
by: MemReq = ma.x(Mem;_cp,Memu“) As we see
by the above discussion Mempcp is a lower bound on
the memory requirement of a pipelined schedule. Dur-
ing retiming we convert a schedule constraining depen-
dency (ILD) in to a LC'D leading to an increase in
shared memory requirement. Therefore during retiming
we should try to reduce the increase in Mempcp.
- Each task in the DDG is bound to a unique re-
source. Hence we should be able to schedule the DDG in
MII time when the binding is known (and RecMII <
ResMII). The general case where binding is unknown
increases the complexity of the scheduler. However, the
retiming heuristic should work equally well in the general
case.

5 RECOD: Retiming Heuristic

We do retiming when we are unable to schedule a DDG
in the given initiation interval, II. Retiming transforma-
tion converts an ILD into a LC'D which does not con-
strain the scheduler. It produces an equivalent DDG
with tasks belonging to different iterations, thereby
pipelining the DDG. Two graphs, DDG = G(V, E) and
DDG' = G(V', E') (obtained after retiming) are equiva-
lent if, Ve = (u, u) € E, E’, the following equation holds,

Uy = ux+e5 = vy —u) + €.

The drawback of retiming is that it increases the mem-
ory requirement of the schedule. We can minimize this
increase by using good heuristics to select the depen-
dency to be retimed. But this is not enough. In order to
produce an equivalent DDG other dependencies might
need to be retimed. The increase in shared memory re-
quirement due to these dependencies should also be min-
imized. Hence RECOD does retiming in two steps. In

Figure 4: P, S and R sets for dependency (u,v)

the first step it heuristically selects a dependency to be
retimed. In a DDG there might exist a number of sets of
dependencies which could be retimed to obtain an equiv-
alent DDG. In step 2 we select the set of dependencies
which on retiming result in the least increase in shared
memory requirement.

RECOD Step 1: Heuristic To Select A Depen-
dency For Retiming Transformation: The priority
of a dependency to be retimed depends on its following
four properties in decreasing order:

1. Dependency 1s an ILD:

The primary objective of RECOD is to reduce scheduling
constraints in the DDG; and give the scheduler greater
freedom in scheduling tasks on the resources. Since only
ILDs constrain the scheduler the dependency to be re-
timed should be an ILD.

2. Dependency between tasks bound to helerogeneous re-
sources:

The main objective of the retiming heuristic is to re-
duce scheduling constraints in the graph. Increasing
the distance of a dependency between tasks mapped to
the same resource does not necessarily help the sched-
uler. Basically the two tasks have to be scheduled on the
same resource and will be scheduled one after the other.
On the other hand retiming a dependency between tasks
mapped to different resources definitely gives more free-
dom to the scheduler.

3. Dependency whose predecessor task belongs to a
longer constraining path.

As discussed in the previous section the constraining
paths limit the /I of a pipeline schedule. Retiming a
dependency whose predecessor task belongs to a longer
constraining path helps in obtaining a pipelined schedule
with smaller 1.

4. Dependency representing the least number of variables
transferred.

A secondary objective of retiming transformation is to
minimize the increase in memory requirement of the
DDG. Increasing the distance of a dependency with
more variables definitely results in a larger increase in
memory requirement. Hence we select a dependency rep-
resenting fewer variables being transferred.

We use property 1 to select dependencies to be retimed,




Algorithm RECOD.: Retimes the DDG
Input : DDG
Output : Retimed DDG with less number of PSDs
Begin

DPDG o sec = remove_scc(DDG)

ed‘ge(._” = heuristicaelect{DDG b _40c)

if (edge(, ,) = 0) then return(DDG failure)

V. = {connected component to which u belongs}

5 = {v € V.|there is a path from u to v}

P = {v € V.|there 1s a path from v to u} U {u}

R=1V.-{SuP}

partition(R,P.5)

for each u € V.

if (u € P) then uy = uy + 1 endif
endfor
for each e = (u,v) € E.
if (ue P AND v g P} then es(u,v) = es(u,v) + 1 endif

endfor

copy_changes(DDG po_sec, DDG)

return(DDG success)
end

Figure 5: RECOD: Algorithm

and use properties 2 , 3 and 4 (in that order) to break
ties.
RECOD Step 2: Partitioning To Minimize In-
crease In Shared Memory Requirement: In step
2 we select the set of dependencies which give us the
least increase in memory requirement. Given a depen-
dency e = (u,v) (selected in step 1) to be retimed we
define the following four sets with respect to u:
V. = {connected component to which u belongs }
P = {w € V.|there is a path from w to u } U {u}
S = {w € V.|there is a path from u to w }
R=V.-{PUS}
Figure 4 gives an illustration of the four sets. We can
retime the dependency e = (u,v) by the following three
equations.
uy =uy +1
es(u,z) = es(u,z)+ 1,Vz € V such that (u,z) € E
es(z,u) = es(x,u)— 1,Yz € V such that (z,u) € E
Application of the three equations would result in an
equivalent DDG. However the third equation decreases
the distance of some dependencies. Decreasing the es of
a dependence is likely to change it in to a ILD. This
can be avoided by increasing the uy of all tasks u which
are in P, that is Vu € P,uy = u)y + 1. Now to ob-
tain an equivalent DDG we need to increase the es of
all dependencies e whose predecessor task is in the set
P, but successor isn’t, that is V(u,v) € E,u € P,v &
P,es(u,v) = es(u,v) + 1. This is the cutset ¢! in Figure
4. Another way to retime without decreasing the es of
any dependence is as follows, Vu € {PUR}, uy = uy + 1
and Y(u.v) € E,u € S,v € S, e5(u. v) = es(u,v) + 1.
This is the cutset ¢2 in Figure 4. However it is pos-
sible that neither cutset ¢l nor ¢2 result in a mini-
mum increase in memory. We could obtain another cut-
set ¢3 (see Figure 4) by partitioning the set R into P
and S, so that the memory increase is minimized. We
use a simulaled annealing based partitioner. The cost
function being minimized is defined as follows. For a
cut ¢; = {ey,€a,...,6,}, the cutsize cost is given by :
Cost = 3°7_ var(e;), where var(e;) is the number of
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Figure 6: DDG for JPEG like Algorithm
FDCT | Quant. | ZigZag | RLE & Huff.
SW time(ns) 371300 7560 1630 18480
HW time(ns) 8400 600 400 88400

Table 1: SW and HW run times for JPEG tasks

variables across the dependency e;. In the cost func-
tion the sum gives us the extra memory required by the
LCDs after retiming. During partitioning we ensure
that if a task u is in partition P (S) then all its pre-
decessors (successors) are also in partition P (S). After
partitioning set R in to sets P and S we do retiming
using the following two equations:

Vu € Puy = uy +1

Ve =(u,v) € E,u€ P v¢ P es(u,v) = es(u,v) + 1
RECOD: Algorithm: The algorithm to do retiming
transformation is shown in figure 5. A brief explanation
of the functions used in the algorithm are as follows. The
function remove_scc() replaces every strongly connected
component, sce; (or recurrence) in the DDG with a sin-
gle task u,..;. It returns a new graph DDG,, ... All
the dependencies that are part of a recurrence sce; are
not present in DDGn, 4.c. All the dependencies that
are “to” and “from” any task in the scc; are now from
the single task u,c.;. We use DDG,,_scc for retiming.
The distance of a dependency belonging to a recurrence
in the DDG cannot be increased without decreasing the
distance of any other dependency. By removing all the
scc tasks and dependencies we ensure that no depen-
dency belonging to a recurrence is retimed; although the
uy of all the tasks belonging to a recurrence might be in-
creased. The changes are reflected in the original DDG
by the function copy-changes(). The function heuris-
tic_select() heuristically selects a dependency to be re-
timed (see RECOD step 1). The function partition() as
the name suggests partitions R between P and S (see
RECOD step 2). The two for-loops do the retiming.

6 Experimental Results

To demonstrate the effectiveness of the retiming heuris-
tic in HW/SW codesign, we consider the design of a
JPEG [8] like compression algorithm (see Figure 6). It
consists of four tasks, Forward Discrete Cosine Trans-
form (FDCT), Quantization, Zig-Zag and RLE and Huff-
man encoding. All the dependencies have e5; = 0 and the
number of variables transfered across each dependency
is 16. The run times of the various tasks in SW and HW
is shown in Table 1 [12]. Table 2 shows the estimated

No. of | DDG Mem. Requirements %%
No. | Tasks | Depth MII [ RECOD | UNRET | Impro.
1 10 6 300 93 105 13
2 10 L 310 99 104 5
3 8 7 770 144 149 3.5
4 L& 860 94 124 32
5 20 i 870 261 375 43.6
6 20 14 1010 205 225 9.7
iy 25 4 2630 894 2T6T 210
8 30 5 2440 741 1732 133.7
9 50 6 5630 1984 7094 A57.6
10 50 24 6410 542 565 4.2

Table 3: Results for Random Graphs




Binding Non-Pipeline Pipeline Speed-up Memory incr.
No. [ FDCT | Quant ZigZag LE & Huff Time (ns) | Mem MII IT (ns) Mem | Pipe/Non-Pipe | Pipe/Non-Pipe
1 SW SW SW SW 300890 0 300800 | 400890 1] 1 1
2 SW SW SW HW 470810 16 | 382154- | 382154 16 128 1
3 SW SW HW SW 309660 32 | 398620 | 398620 32 1.002 i
El SW SW HW HW 469580 32 | 379884 | 379884 | 32 1.24 1
5 SW HW SW SW 393930 32 392690 | 392690 8 1.003 1.5
5 SW HW SW HW 463850 32 | 373954 | 373954 64 1.24 2
7 SW HW HW SW 392700 32 | 390420 | 390430 48 1.06 15
a SW HW HW HW 462620 32 | 371684 | 371684 48 1.25 1.5
9 HW SW SW SW 37990 32 79206 | 29206 32 L T
10 HW SW SW HW 107910 16 07440 | 97440 48 1.11 3
11 HW SW HW SW 36760 32 26936 | 26936 64 1.36 2
12 HW SW HW HW 106680 32 98480 | 98480 64 1.08 2
13 HW HW SW SW 31030 32 21006 21006 32 1.48 1
14 HW HW SW HW 100950 32 OB680 | 98680 48 1.02 15
15 AW HW HW SW 20800 32 18736 18736 18 1.6 1.5
16 HW HW HW HW 99720 32 99720 59720 32 1 T

Table 2: Performance Estimates for Different Bindings and Different Implementations

run times and memory requirements for non-pipelined
and pipelined implementation with different bindings of
the tasks. The sixth and seventh columns have the
run time and memory requirement of the non-pipeline
design. Columns eight, nine and ten respectively give
the MII, achieved II and memory requirement of the
pipelined implementation. In the table we have exhaus-
tively bound all the tasks to SW and HW. The results
show that we were always able to schedule the DDG in
MII time. We can achieve a speed-up of upto 1.6 (row
15). The maximum speed-up is low because of the non-
uniform run times of the tasks. Given uniform task times
the theoretical upper bound on the speed-up of a linear
graph due to pipelining on two resources is 2. Depending
on the throughput requirements the pipeline implemen-
tation in row 13 may be considered a better design than
row 15. The pipelined design in row 13 uses the same
memory as the non-pipeline implementation and gives a
speed-up of 1.48.

We next demonstrate the improvement due to RE-
COD over an existing retiming heuristic. We compare
against UNRET [10] which retimes either the head de-
pendency of the M PP or the tail dependency of the
MPP. We used random graphs and random HW/SW
bindings for this experiment. The results are shown in
Table 3. With both the heuristics we were able to achieve
pipeline schedules in M I time (hence we do not have
separate columns for 7). The percentage improvement
in memory requirements due to RECOD varies from 3.5
to over 257 percent. RECOD performs better than UN-
RET primarily because of two reasons. Firstly RECOD
uses better heuristics (RECOD step 1) to select a depen-
dency which gives maximum freedom to the scheduler.
As a result it takes fewer retiming steps and hence lesser
- shared memory to generate an optimal schedule. Sec-
ondly RECOD uses heuristics (RECOD step 2) to select
dependencies which on retiming give an equivalent DDG
with lesser increase in shared memory, whereas UNRET
doesn’t. When the number of tasks in the graph are
large and the depth of the graph is small (rows 7,8 and
9) RECOD gives significantly better results as compared
to UNRET. For such graphs the algorithm can explore
a large portion of the graph and hence produce better
results.
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7 Conclusion

We have presented a novel retiming heuristic for opti-
mized resource and memory utilization in HW/SW code-
signs. The advantage of using this heuristic is that we
can obtain pipelined designs with optimal throughput,
using slightly more (and in some cases same) shared
memory as compared to non-pipelined design. The dis-
advantage is the potential increase (up to three fold)
in shared memory requirements. We have incorporated
this heuristic in to a codesign kernel which partitions
and schedules designs for pipelined implementation.
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